Specialized RNA endonucleases for the maturation of clustered regularly interspaced short palindromic repeat (CRISPR)-derived RNAs (crRNAs) are critical in CRISPR-CRISPR-associated protein (Cas) defence mechanisms. The Cas6 and Cas5d enzymes are the RNA endonucleases in many class 1 CRISPR-Cas systems. In some class 2 systems, maturation and effector functions are combined within a single enzyme or maturation proceeds through the combined actions of RNase III and transactivating CRISPR RNAs (tracrRNAs). Three separate CRISPR-Cas systems exist in the cyanobacterium Synechocystis sp. PCC 6803. Whereas Cas6-type enzymes act in two of these systems, the third, which is classified as subtype III-B variant (III-Bv), lacks cas6 homologues. Instead, the maturation of crRNAs proceeds through the activity of endoribonuclease E, leaving unusual 13-and 14-nucleotide-long 5′ -handles. Overexpression of RNase E leads to overaccumulation and knock-down to the reduced accumulation of crRNAs in vivo, suggesting that RNase E is the limiting factor for CRISPR complex formation. Recognition by RNase E depends on a stem-loop in the CRISPR repeat, whereas base substitutions at the cleavage site trigger the appearance of secondary products, consistent with a two-step recognition and cleavage mechanism. These results suggest the adaptation of an otherwise very conserved housekeeping enzyme to accommodate new substrates and illuminate the impressive plasticity of CRISPR-Cas systems that enables them to function in particular genomic environments. 
M any bacteria and archaea possess an RNA-based adaptive and inheritable immune system against viruses and other foreign genetic elements [1] [2] [3] [4] [5] . These systems are known as clustered regularly interspaced short palindromic repeats (CRISPRs) consisting of an array of alternating identical repeats, varying spacer sequences and CRISPR-associated (Cas) proteins 3, 4, 6 . Based on gene conservation and locus organization, two major classes of CRISPR-Cas systems, six major types (I-VI) and at least 19 subtypes are differentiated [5] [6] [7] . Transcription of the CRISPR repeatspacer array leads to a long precursor transcript (pre-crRNA) 8, 9 that is cleaved into short CRISPR-derived RNAs (crRNAs) 6 . The maturation of crRNAs is essential for the functionality of CRISPR-Cas systems and allows the interference complex to target and destroy invader nucleic acids upon base pairing 6, 10 . In type I, III, V and VI systems, a specialized endoribonuclease mediates processing of the pre-crRNAs 9, [11] [12] [13] . In several type I and III systems, these endoribonucleases belong to the Cas6 family 6, 9, 14 , while Cas5d is found in subtype I-C systems lacking Cas6 10, 15, 16 . The enzyme for the ribonucleolytic step removing the 3′ -end stem-loop structure in type III systems with a 6-nucleotide periodicity is not known 10, 17 . Type II systems rely on trans-activating CRISPR RNAs (tracrRNAs) that mediate pre-crRNA maturation via the housekeeping RNase III in the presence of Cas9 (ref. 10 ). In some class 2 CRISPR-Cas systems, single effector enzymes-namely Cpf1, C2c1, C2c2 and C2c3-have been discovered 18 . These enzymes have recently been renamed into Cas12a, Cas12b, Cas13a and Cas12c, respectively 19 .
Cas12a is a dual-nuclease that performs crRNA biogenesis and targets DNA during interference in subtype V-A systems 20 . The effector enzymes Cas12b and Cas12c, which were recently identified in subtype V-B and V-C systems, are distantly related to Cas12a 18 . The biogenesis of mature crRNAs by Cas12b relies on a tracrRNA, and DNA cleavage depends on both the crRNA and tracrRNA 18 , similar to type II systems. Cas13a is characteristic of type VI CRISPRCas systems and maintains two distinct RNase activities 18, 21 . One is responsible for tracrRNA-independent crRNA maturation, while the other is involved in the cleavage of single-stranded RNA targets 21, 22 . Nevertheless, there are some CRISPR-Cas systems that lack any known maturation ribonuclease 5 . These systems might depend on other CRISPR-Cas systems in the same organism 5 or on ribonucleases that have yet to be identified.
The cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis 6803) harbours three separate CRISPR-Cas systems-CRISPR1, CRISPR2 and CRISPR3-located on the pSYSA plasmid. CRISPR1 and CRISPR2 are classified as subtypes I-D and III-D systems, respectively 23, 24 . In contrast, CRISPR3 resembles a subtype III-B system, but possesses a cmr1-cmr6 fusion and lacks an obvious cas6 homologue (Fig. 1a) , characterizing it as a subtype III-B variant (III-Bv). CRISPR1 and CRISPR2 encode one or two systemassociated Cas6 endonucleases (the genes cas6-1 (slr7014), cas6-2a (slr7068) and cas6-2b (sll7075)) 23 . However, CRISPR3 lacks cas6 and any other obvious cas genes involved in crRNA maturation 23 . Here, we show that mature CRISPR3 crRNA possesses an unusually long The host-encoded RNase E endonuclease as the crRNA maturation enzyme in a CRISPR-Cas subtype III-Bv system
Results
The CRISPR3 system is functional. To test the activity and functionality of the CRISPR3 system, we performed an interference test using a conjugative vector with a protospacer motif in two orientations and the gentamicin resistance gene as a reporter. When the reporter gene is lost due to the degradation by the effector proteins, conjugants become sensitive to gentamicin. When the system is not active, transconjugants maintain the invader plasmid and show resistance. We observed a difference of several orders of magnitude in the numbers of colonies between vectors containing the protospacers and the control (Fig. 1b,c) . We conclude that the Synechocystis 6803 CRISPR3 system is fully functional despite the Cmr1-Cmr6 fusion and the lack of an associated cas6 gene. Fig. 1 | organization of Synechocystis 6803 CRISPR3 cas genes, repeat-spacer array and interference assay. a, The subtype III-B variant CRISPR-Cas system is located on the pSYSA plasmid. Several cas genes are located upstream of the CRISPR array, which contains 39 repeat and 38 spacer sequences. Arrows in green illustrate genes coding for hypothetical proteins, whereas arrows in grey represent annotated cas genes. The promoter (blue arrow) 5′ of the CRISPR array is followed by the leader and the repeat (blue rectangles)-spacer array. b, Experimental setup of a conjugational interference assay for the detection of CRISPR3 interference activity in Synechocystis 6803. Three plasmids were used during the conjugation assay: two target plasmids (pT, plasmid target), containing a protospacer fused to the selection marker, and a control plasmid (pNT, plasmid non-target) harbouring only the selection marker without the protospacer sequence. The used protospacer corresponds to endogenous spacer 2 from CRISPR3 in either the sense (native orientation of spacer 2 in CRISPR3) or antisense (reverse complement orientation of spacer 2 in CRISPR3). If only the sense protospacer is targeted during interference, the system can successfully attack a DNA invader. In contrast, RNA is targeted when the antisense protospacer is affected by degradation. After conjugation, the number of Synechocystis 6803 colonies carrying the plasmid with the selection marker was counted and the conjugation efficiency was determined. Interference is observed if the ratio of the number of pT to pNT colonies is < 1 in triplicate assays. c, Interference activity of CRISPR3 in Synechocystis 6803. The conjugation efficiencies are calculated by the ratio of pT to pNT. The conjugation efficiency of the control plasmid was set to 1 and the number of colonies for the pT sense and pT antisense plasmids was normalized to the control plasmid pNT. Data points are shown as dot plots and standard deviations were calculated for three independent biological replicates. Data points with 0 values are not shown because log(0) is not defined.
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In vivo mapping of CRISPR3 crRNA processing sites reveals unusual 13-and 14-nucleotide 5′-repeat handles. In vivo and in vitro data showed 8-nucleotide 5′ -handles for the mature crRNAs in the Synechocystis 6803 CRISPR1 and CRISPR2 systems, which resulted from processing by the two associated endoribonucleases, Cas6-1 and Cas6-2a 23, 24 . CRISPR3 differs in its repeat sequence, length and secondary structure from the two other systems, positioning the hairpin at the 5′ -rather than 3′ -end of the repeat 23 . Therefore, we investigated the in vivo CRISPR3 crRNA processing sites by primer extension. Prominent signals indicated the presence of unusually long 13-and 14-nucleotide 5′ -handles within the mature crRNAs, with the 13-nucleotide 5′ -handles appearing as major maturation products (Fig. 2) . Additional 5′ -ends were observed within the spacer sequences and in the repeat sequences leading to 19-and 20-nucleotide 5′ -extensions and a 2-nucleotide CRISPR3 leader sequence. Spacer processing sites were mainly situated at the 3′ -end of the spacers. Interestingly, the majority of CRISPR3 crRNA processing sites occurred in a 6-nucleotide periodicity or multiples of it. The 13-and 14-nucleotide 5′ -handles found for the shortest extension fragments correspond to the mature crRNAs with a single spacer sequence. These data were also in agreement with other primer extension experiments ( Supplementary Fig. 1 ). The identification of 5′ -handles longer than the 8 nucleotides that are typically found for Cas6-type enzymes 14, [25] [26] [27] suggested the involvement of an unknown endoribonuclease.
Deletion experiments verify that non-cognate Cas6 endonucleases are not involved in CRISPR3 maturation. To test whether any genetic components associated with the CRISPR1 or CRISPR2 systems mediate CRISPR3 pre-crRNA processing, we deleted the entire loci separately from each other and together. The resulting Synechocystis Δ C1, Δ C2 and Δ C1Δ C2 strains were devoid of the respective full-length CRISPR-Cas loci including the cas genes and repeat-spacer arrays. Northern blot analysis showed no differences in the pattern of CRISPR3-derived crRNAs and intermediates in Δ C1 and Δ C2 or in Δ C1Δ C2 compared with the wild-type (WT) strain ( Supplementary Fig. 2a ). Thus, neither CRISPR1 nor CRISPR2 genes are involved in crRNA maturation in the CRISPR3 system. To screen for additional candidates, single knock-out mutants were generated and analysed by northern hybridization for the genes slr7080-slr7091 (see Fig. 1a for gene functions), slr7095 (putative nucleotide kinase), slr0346 (RNase III), slr1646 (RNase III) and slr0945 (mini-RNase III). We further screened a conditional double knock-out of slr0346 and slr1646, as well as quintuple mutants slr7096-slr7100 (slr7097 encodes α -ketoglutarate-dependent dioxygenase AlkB, while the remaining genes encode hypothetical proteins) and slr7101-7105 (encoding hypothetical proteins, except sll7103, which encodes exodeoxyribonuclease V α -chain and Slr7102 containing a YddW domain). However, none of these mutants was found to be involved in the pre-crRNA processing of CRISPR3 (examples are shown in Supplementary Fig. 2b ). Therefore, an alternative, host-encoded endoribonuclease must be responsible for CRISPR3 pre-crRNA maturation.
CRISPR3 repeat RNA resembles an RNase E substrate. RNase E is a widely conserved and essential endoribonuclease that exhibits certain sequence and structural preferences for efficient cleavage [28] [29] [30] . RNA-Seq data analysis suggested 23 that cleavage in the CRISPR3 repeat occurs in an adenylate-uridylate-rich region downstream of a stem-loop element that could provide the secondary structure required for efficient RNase E binding and cleavage 29 . The first cleavage in CRISPR3 maturation occurs at the 3′ -end of the spacer, before repeat processing, yielding 5′ -monophosphorylated crRNA intermediates 23 , which are the preferred substrates for RNase E 31 . Furthermore, a consensus motif was described 32 , revealing a 2-nucleotide uridine ruler-and-cut mechanism in which RNase E senses a uridine located at the + 2 position downstream of the cleavage site. For comparison, we show here the previously identified RNase E cleavage sites within the psbA2 messenger RNA leader from Synechocystis 6803 (ref. 29 ) (Fig. 3a) . Whereas psbA2 harbours two major and six minor cleavage sites, the CRISPR3 crRNA contains two sites. Both CRISPR3 crRNA and psbA2 are cleaved within adenylate-uridylate-rich sequences downstream of a short hairpin. Furthermore, both cleavage sites in the CRISPR3 repeat and both major sites in psbA2 are followed by a uridine at the + 2 position. Together, these results indicate that the CRISPR3 repeat is a candidate for cleavage by RNase E.
RNase E cleavage assays with native and mutated CRISPR3 repeat variants. To directly test CRISPR3 repeats as possible RNase E substrates, in vitro cleavage assays were performed. RNase E processes the CRISPR3 WT repeat yielding 22-and 23-nucleotide fragments (Fig. 3b) . These fragments correspond to the longer 5′ -segment of the repeat harbouring the hairpin (Fig. 3a and Supplementary Fig. 3 ) and are in agreement with the in vivo determined 5′ -handles. Modifications located within or near the cleavage site did not abolish RNase E cleavage activity entirely, but resulted in less-efficient cleavage or cleavage at secondary sites ( Fig. 3b and Supplementary  Fig. 4 ). The substitution of the ribose sugar to deoxyribose on the uracil within the cleavage site (C3dU 22 ) suppressed the formation of the shorter cleavage fragment. In contrast, mutations within the stem (C3C 15 C 17 ) abolished cleavage, indicating that RNase E recognition and activity relies on the stem of the CRISPR3 repeat. In contrast, cleavage site mutations (C3A 21 A 22 ) and mutations interfering with the 2-nucleotide ruler-and-cut mechanism 32 (C3G 23 G 24 , C3mA 23 mA 24 , C3G 25 and C3G 25 G 26 ) weakened and changed the cleavage pattern as if the substrate was recognized, but could not be cleaved at the proper site. Thus, the performed in vitro assays confirmed RNase E as a processing endonuclease for CRISPR3 repeats and identified nucleotides required for proper cleavage.
Manipulated RNase E expression affects CRISPR3 transcript accumulation. To investigate whether RNase E expression levels affect the accumulation of CRISPR3 crRNAs, the enzyme was overexpressed from a conjugative plasmid. RNase E overexpression led to elevated amounts of CRISPR3 pre-crRNA, intermediates and mature crRNAs over time (Fig. 4a) . The highest crRNA levels were detected after 120 h of overexpression. This result provides in vivo evidence for a direct link between increased crRNA processing by RNase E overexpression and increased ribonucleoprotein complex formation for stabilizing the mature crRNA. RNase E is essential in Synechocystis 6803, and attempts to delete its gene remained futile 33, 34 . Therefore, we created a conditional RNase E knock-down using a CRISPR interference-based approach and a partial RNase E deletion mutant. Northern blot analysis revealed the lowest CRISPR3 crRNA levels after 144 h of single-guide RNA (sgRNA)/ dead Cas9 (dCas9) induction. Reduced crRNA accumulation was also observed in the partial RNase E deletion (Fig. 4b) . These observations strengthen the existence of a direct link between crRNA processing and RNase E availability, which appears to be the limiting step for CRISPR3 crRNA maturation.
Protein-RNA cross-linking to identify CRISPR3 interacting sites in RNase E. To identify the CRISPR3 repeat-binding regions within RNase E, we used ultraviolet light-induced protein-RNA cross-linking coupled to mass spectrometry (MS) analysis 35, 36 . We identified four different amino acids as cross-linked sitesnamely, F64, K98, K494 and K512 ( Fig. 5a and Supplementary  Fig. 5 ). Two of these four residues-F64 and K98-are located within the amino (N)-terminal S1 RNA-binding domain of RNase E 28 . K494 and K512 are positioned within the carboxy (C)-terminal third of the enzyme in a non-conserved flexible
region that corresponds to the previously defined variable subregion V2 37 . While the N-terminally located sites provide protein-RNA interactions, the C-terminal residues could play a role in mediating CRISPR specificity due to their location in Total RNA was isolated from WT Synechocystis 6803 (WT), the CRISPR3 repeat-spacer deletion mutant (∆ C3 array, negative control) and an RNase E overexpression mutant (RNase E OE) under standard growth conditions, as well as the WT exposed to high light, iron or nitrogen deficiency and subjected to primer extension analysis using the 5′ -end-labelled oligonucleotide primerExt_S3_rev (Supplementary Table 1 ) and 2 µ g of total RNA per reaction. To test whether the length of the 5′ -handle is influenced by stress conditions, RNA isolated from cells that were exposed to such conditions was investigated. The detected sites are indicated by cartoons (upper part, repeat sequences in black; spacer and leader sequences in colour) or arrows alongside the reverse complement pre-crRNA sequence (lower part, primer sequence in bold). Mapping of in vivo cleavage sites within CRISPR3 repeats revealed unusual 13-and 14-nucleotide (nt) 5′ -handles (highlighted by asterisks) and a 2-nt-long leader sequence. The majority of additional processing sites followed a 6-nt periodicity or multiples of it, as marked by the curly braces. A representative of two independent experiments is shown.
the non-conserved region of the enzyme. The stretch containing these two residues is conserved in the RNase E protein of the closely related strain Synechocystis 6714 (Fig. 5b ). This strain shares on plasmid pSYLA the same type of CRISPR-Cas system lacking Cas6 (ref. 38 ), pointing to the possibility that the use of RNase E as the CRISPR maturation endoribonuclease is not restricted to Synechocystis 6803.
Biochemical analysis of mutagenized RNase E variants in vitro.
To characterize the relevance of the four cross-linked sites, we constructed an F64A-K98A mutant, a K494A-K512A double mutant and an F64A-K98A-K494A-K512A quadruple mutant. In vitro cleavage assays showed that the F64A-K98A and F64A-K98A-K494A-K512A mutations led to significant loss of RNA cleavage (Fig.  5c ). The RNase E variant with the K494A-K512A double mutation ). RNA structures were predicted by RNAfold 57 or adapted from published work 29 and visualized using VARNA 58 . Black wedges indicate RNase E cleavage sites and larger wedges mark preferred cleavage sites. b, In vitro RNase E cleavage assay of the native CRISPR3 repeat RNA and mutated versions. Cleavage of the native CRISPR3 repeat resulted in two fragments of 22 and 23 nucleotides (nt), which correspond to the repeat 5′ -fragments including the hairpin. Substitution of the ribose sugar to deoxyribose on the uracil at the cleavage site (C3dU 22 ) prevented the formation of the shorter cleavage fragment, whereas mutations within the stem (C3C 15 C 17 ) completely abolished cleavage. Mutations around the cleavage site and at position + 2 downstream of the processing site revealed secondary targets. The psbA2 RNA oligonucleotide was used as a positive control. OH is the alkaline hydrolysis ladder derived from the CRISPR3 repeat and M is a microRNA Marker (NEB). A representative of three independent experiments is shown.
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showed RNA binding and cleavage similar to the native enzyme, suggesting that these residues are not directly involved in catalysis. However, we noticed two arginine-rich patches (seven arginine residues in a row) closely before and after K494 and K512 (five out of eight residues) ( Fig. 5b and Supplementary Fig. 5 ). Therefore, we cannot exclude that these residues are in close proximity to an RNAbinding element but not directly involved, consistent with findings from similar protein-RNA cross-linking studies 39, 40 .
Discussion
Some subtype III-A and III-B CRISPR-Cas systems lack any associated Cas6 or other known enzyme for crRNA maturation 5 . It was speculated that other CRISPR-Cas systems co-existing in the same organism might provide this activity 5 . Here, we show that this is not the case for the subtype III-Bv CRISPR3 system from Synechocystis 6803. Possible substrate promiscuity for the endogenous Cas6-1, Cas6-2a or Cas6-2b activities was excluded by analysis of deletion mutants for both the CRISPR1 and CRISPR2 loci, demonstrating that CRISPR3 crRNA maturation depends on the activity of another endoribonuclease. We present in vivo and in vitro evidence for the housekeeping endoribonuclease RNase E to perform this pre-crRNA processing. We identified unusually long 13-and 14-nucleotide 5′ -handles within the mature crRNAs pointing at substantial differences compared with other known crRNA biogenesis pathways. Furthermore, some crRNA processing sites occurred in regular 6-nucleotide intervals or multiples of it indicating a ruler mechanism involved in the maturation of precrRNAs. This observation was also made for other type III systems and was described as a backbone-mediated 5′ -ruler mechanism 17, 33 . Cas6-based maturation typically produces 8-nucleotide-long 5′ -handles 6, 24, 41, 42 while Cas5d generates 11-nucleotide-long 5′ -handles 6 . Even longer 5′ -handles have been observed for some class 2 enzymes. The Cas13a-dependent Leptotrichia shahii DSM 19757 locus exhibits mature crRNAs with 28-nucleotide 5′ -handles and the Cas13a locus from Listeria seeligeri serovar 1/2b str. SLCC3954 produces crRNAs with a 29-nucleotide 5′ -handle 18, 22 . The Cas12a nuclease from Francisella novicida generates 19-nucleotide 5′ -handles in vitro, whereas they are only 14 to 16 nucleotides long in vivo 20 . For type III systems, base-pairing potential between the crRNA 5′ -handle and the 3′ -flanking region of the target DNA appears to play an important role in discriminating self from non-self nucleic acids [41] [42] [43] . Typically, base pairing of two or three nucleotides in the 5′ -handle is sufficient to prevent DNA degradation and autoimmunity 41, 43 . In the Synechocystis 6803 subtype III-Bv system, the nucleotides 11-13 are essential and another one is required to efficiently prevent autoimmunity ( Supplementary Fig. 6 ). Therefore, we conclude that at least four nucleotides of the unusually long 5′ -handle are involved in the discrimination between self and nonself targets. Other nucleotides might be involved in additional CRISPR-related functions; for example, the recruitment of crRNAs to the Cmr ribonucleoprotein complex. Our results indicate that The sample spectra for the four peptides that were observed to be cross-linked with an RNA moiety are shown. In each spectrum, the cross-linked peptide sequence and its corresponding y-and b-type fragment ions are indicated at the top, referring to the ions that retain the charge on the N or C terminus, respectively. The directly cross-linked amino acid residues are highlighted. Some of the b-and y-ions were observed with a mass shift labelled # and # 1 corresponding to U′ -H 2 O and U-H 3 PO 4 . The cross-linked nucleotides are given in brackets. IM, immonium ions; U′ , base of U with a marker ion of 112.0273 Da. b, Multiple sequence alignment of the flexible RNase E domain of various cyanobacteria together with the respective CRISPR repeat sequence (hairpin indicated by brackets) and information about the absence of cas6 genes (-indicates no cas6 detectable; -a indicates no cas6 associated with the respective system). The flexible sequence stretch containing the mapped K494 and K512 sites (boxed in red) of Synechocystis 6803 is conserved at this position only in Synechocystis 6714. However, several other positively charged residues (coloured in blue) are clustered close by, also in the other compared sequences pointing to their possible relevance as part of an RNA-binding element. c, In vitro cleavage assay of the CRISPR3 repeat RNA oligo and mutagenized RNase E variants. The repeat was incubated with WT and mutagenized RNase E enzyme variants. Enzyme concentrations were normalized to the WT enzyme concentration via western blotting and quantification using Quantity One software. WT RNase E and the K494A-K512A mutant exhibited comparable cleavage performance. The F64A-K98A double mutant and F64A-K98A-K494A-K512A quadruple mutant showed significant deficiencies in RNA cleavage. The psbA2 RNA oligonucleotide was used as a positive control. Since the results with the two different substrates were consistent, no further replications were performed. Cas6-1 was expressed and purified as described for RNase E and served as a negative control. OH is the CRISPR3 repeat after alkaline hydrolysis, while M is the microRNA Marker (NEB).
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immunity was achieved by DNA destruction and, even if we cannot conclude about RNA targeting, along with the observations of 6-nucleotide periodicity in crRNA length and lack of immunity in the presence of anti-tag targets, suggest that the Synechocystis 6803 type III-Bv system is fully functional and operates similarly to other type III systems.
Multiple RNase E cleavage sites located in close proximity have been reported for diverse substrates and organisms, which are consistent with our data 29, 30, 32 . Moreover, RNase E seems to have a preference for a distinct cleavage site when multiple sites are available, resulting in the accumulation of fragments of varying abundances 29, 32 . For the CRISPR3 repeat, we observed an equal ratio between 13-and 14-nucleotide-long 5′ -handles in vitro, whereas the preference for the fully matured 13-nucleotide 5′ -handle was only observed in vivo. We cannot rule out that this resulted from another in vivo maturation step.
We identified four RNase E amino acid residues that were crosslinked to CRISPR3 repeat nucleotides, indicating their possible importance for substrate recognition, binding and cleavage. Our results demonstrate that the mutation of F64A-K98A within the S1 RNA-binding domain prevents CRISPR3 repeat cleavage. These residues are highly conserved among RNase E and RNase G sequences from Arabidopsis thaliana, rice and tomato to Synechocystis 6803 and Escherichia coli, and play a crucial role in substrate binding and catalytic activity in Arabidopsis RNase E 28 . Here, we verified the importance of the two cross-linked sites in the S1 domain of Synechocystis 6803 RNase E, which correlated well with the observations made by Schein et al. 28 in terms of RNA binding. Interestingly, mutations in RNA bases located within and in proximity to the cleavage site did not prevent RNase E cleavage entirely but led to secondary processing fragments. In contrast, mutations within the stem led to a complete loss of processing, highlighting the importance of this secondary structure. These observations point to the following two-step mechanism: (1) the repeat needs to be properly recognized; and (2) cleavage occurs 3′ to the stem-loop in the adenylate-uridylate-rich element (Fig. 6) . However, when this element was mutated, secondary sites could be accepted for cleavage, albeit at lower efficiency.
Our data point directly at Synechocystis 6714-a related but not identical strain (2,838 shared and ~800 unique protein-coding genes 44 ) that is probably using the same mechanism for maturation of crRNAs from its CRISPR3* system, which is homologous to the here investigated CRISPR3 of Synechocystis 6803 38 . To identify further candidates, we searched for CRISPR repeats resembling the CRISPR3 repeat sequence of Synechocystis 6803. If the corresponding CRISPR-Cas system lacked a cas6 gene, we included the respective RNase E sequence in our comparison. This strategy also yielded Synechocystis 6714, but-in addition-one system each in four further cyanobacteria (Fig. 5b) . Hence, this can be interpreted as evidence that the use of RNase E as the CRISPR maturation endoribonuclease is not restricted to the genus Synechocystis.
The diversity of crRNA processing mechanisms and implicated factors is impressive. In type II systems lacking both Cas6 and Cas5d nucleases, the general housekeeping nuclease RNase III cleaves tracrRNA and pre-crRNA in the presence of Cas9 10, 45 . Therefore, host-encoded RNase III fulfills the function as an alternative to Cas6 nucleases for a distinct crRNA maturation mechanism 46 . RNase III is involved in diverse biological processes and is evolutionarily conserved 47 . This results in the interchangeability of Streptococcus pyogenes RNase III with the enzymes from other selected bacteria, indicating that there is no species specificity for tracrRNA:pre-crRNA cleavage by RNase III 48 . The conservation of tracrRNA:pre-crRNA co-processing by host-encoded RNase III leads to high system flexibility, which allows for functionality of dual RNA:Cas9 systems in multiple species upon horizontal gene transfer 48 . Moreover, in Listeria monocytogenes, the endogenous polynucleotide phosphorylase (PNPase) was described as another host-encoded, non-Cas protein responsible for crRNA maturation 49 . A function of PNPase in crRNA maturation-to mediate crRNA 3′ -end trimming-was proposed for a subtype III-A system from Staphylococcus epidermidis RP62a 50 . In Synechocystis 6803, PNPase is associated and closely cooperating with RNase E 37 . Therefore, it can, at present, not be excluded that it is involved in crRNA maturation as well, possibly together with RNase E as a 3′ -5′ exoribonuclease following the RNase E-mediated endoribonucleolytic step.
In summary, RNase E acts as an additional host-encoded, nonCas protein engaged in the pre-crRNA processing aside from the previously reported RNase III 10, 45, 46 and PNPase
49
. The advantage of using conserved RNase E as a pre-crRNA processing factor might be similar to RNase III, maintaining flexibility of the system through functionality in various species when CRISPR-Cas systems are spread via horizontal gene transfer 48 . However, further CRISPRCas systems that rely on RNase E as the crRNA processing factor remain to be described. Together, RNase III, PNPase and RNase E are non-Cas nucleases involved in crRNA processing, which illustrates the complex interplay between host housekeeping functions and the CRISPR-Cas system.
Methods
Interference assay. The self-replicating conjugative vector pVZ322 and the gentamicin resistance cassette were used for the construction of invader plasmids to check interference activities in Synechocystis 6803. The gentamicin resistance cassette was polymerase chain reaction (PCR)-amplified (all primers are listed in Supplementary Table 1) using Q5 High-Fidelity DNA Polymerase (NEB), purified from agarose gels via the PCR clean-up and Gel extraction kit (Macherey-Nagel) and subcloned into pUC19 via Gibson assembly to facilitate the introduction of protospacer sequences by inverse PCR. Because of its high expression level compared with other CRISPR3 spacers, the spacer 2 was selected to derive an appropriate protospacer sequence. The protospacer sequence was fused in frame to the gentamicin resistance (reporter) gene just upstream of its stop codon using inverse PCR with Q5 DNA polymerase and appropriate primers. The PCR product was DpnI-treated to remove the undesired template DNA, transformed into chemically competent E. coli DH5α cells and selected on gentamicin plates. GoTaq DNA polymerase (Promega) and 3% NuSieve agarose gels (Biozym) were used to screen for positive transformants by colony PCR. After successful fusion of the protospacer to the reporter gene, the gentamicin resistance cassette was CRISPR precursor RNA and RNase E in Synechocystis R N a s e E 5′ Black: repeat Recognition of the CRISPR repeat by RNase E via the repeat stem-loop 5′
Cleavage by RNase E occurs 3′ to the stem in an adenylate-uridylate-rich sequence stretch 5′
Mature crRNA with a 13-or 14-nt 5′-handle is formed and suggests an alternative loading mechanism of the mature crRNAs into the RNP complex as described for other CRISPR systems (dashed line). First, RNase E needs to properly recognize the CRISPR repeat sequence via its stem. In the second step, RNase E cleaves the repeat sequence in the adenylate-uridylate-rich sequence located 3′ to the stem, thus generating the mature crRNA with a 13-or 14-nt 5′ -handle. These findings suggest that the loading of mature crRNAs into the CRISPR complex might differ from other CRISPR systems. RNP, ribonucleoprotein.
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PCR amplified using Q5 DNA polymerase and primers overlapping pVZ322 and gel-purified. Overnight digestion of pVZ322 was performed using the restriction enzymes XmnI and XbaI (NEB). The linearized backbone was again gel-purified and assembled with the gentamicin resistance cassette with and without (negative control) the protospacer sequence in both the sense and antisense orientation (target plasmids) with respect to the endogenous spacer orientation. Sanger sequencing (GATC Biotech) was used to verify sequence integrity. Mean values of interference efficiency and standard deviations were calculated by the ratio of the number of conjugants of target plasmids to non-target plasmids in biological triplicates and in parallel for the control plasmid. Interference activity was observed if the interference efficiency was < 1. The interference efficiency of the non-target plasmid was set to 1, which corresponds to no interference activity. Self-and non-self discrimination assay. To test how many and which nucleotides within the 5′ -handle are important for discrimination between self and non-self targets, the construct maintaining the sense protospacer used in the interference assay was slightly modified. The full-length native CRISPR3 repeat sequence (control plasmid, pNT) and mutated repeat variants (pT) were fused in frame downstream to the protospacer sequence by inverse PCR using Q5 DNA polymerase and the pUC19-based template. After fusion of the repeat variants, the gentamicin resistance cassette including protospacer and repeat sequence was PCR amplified by Q5 polymerase for the re-assembly into XmnI and XbaI-digested pVZ322 and sequenced for verification. The experimental procedure and statistical analysis were performed as described for the interference assay.
Synechocystis 6803 conjugation. Plasmids were conjugated into Synechocystis 6803 by triparental mating as described 23 , with the following variations. Overnight cultures of the helper strain E. coli J53/RP4 and the donor strain E. coli DH5α with the plasmid of interest were diluted to OD 600 0.1 with lysogeny broth medium lacking antibiotics and incubated for 2.5 h at 37 °C with shaking at 180 rpm. For each conjugation, an OD 600 of 7.0 of the plasmid-bearing and helper cultures was harvested, resuspended in lysogeny broth and combined. The mixed culture was pelleted and resuspended in 100 µ l lysogeny broth medium and incubated for 1 h at 30 °C without shaking. In parallel, an OD 750 of 1.0 of Synechocystis 6803 culture was harvested, resuspended in 800 µ l BG11 and combined with the mixed culture of the plasmid-bearing and helper culture. The pellet was resuspended in 30 µ l BG11 and placed on a sterile filter. After overnight incubation at 30 °C with slightly covered plates, the filter was rinsed with 400 µ l BG11 and 30 µ l of the resulting cell suspension was plated on BG11 agar plates containing 7.5 µ g ml -1 gentamicin. Conjugants were counted after further incubation at 30 °C for 2 weeks.
Overexpression and purification of cyanobacterial RNase E from E. coli. The Synechocystis 6803 RNase E-encoding gene slr1129 was subjected to codon optimization at the 3′ -end via PCR using the appropriate primers (Supplementary Table 1 ) and Q5 DNA polymerase. The PCR product was subcloned into the pJET1.2/blunt vector (Thermo Fisher Scientific), which includes a TEV protease recognition site. The codon-optimized and TEV site-fused slr1129 gene was PCR amplified using Q5 DNA polymerase, purified from agarose gel via the PCR clean-up and Gel extraction kit (Macherey-Nagel) and subjected to Gibson assembly with the pQE70 expression vector (Qiagen). The insert and vector for Gibson assembly were joined at a 3:1 molar ratio and transformed into E. coli DH5α . In the resulting construct, the RNase E reading frame was prolonged by six additional histidine residues at the C-terminal end (6× His) and verified by Sanger sequencing. Overexpression and purification of Synechocystis 6803 recombinant RNase E from E. coli M15 (pREP4) was performed as described 51, 52 . Briefly, 400 ml of E. coli culture was grown to OD 600 0.6-0.8 and protein expression was induced with 1 mM isopropyl β -d-1-thiogalactopyranoside for 24 h at 22 °C. The cells were collected by centrifugation and the recombinant protein purified via a Ni 2+ -NTA column (Qiagen).
Synechocystis strains, culture media and growth conditions. Synechocystis 6803 cultures were grown as described 38 . For controllable overexpression of RNase E in Synechocystis 6803, the slr1129 sequence was fused to the P petJ promoter from vector psk9 (ref. 53 ) and the bacteriophage λ oop terminator using primers P4 and P5 (Supplementary Table 1 ). The PCR fragment was subcloned and finally ligated into the SmaI site of vector pVZ321, followed by conjugative transfer into WT cells and selection for chloramphenicol resistance. For induction, 400 ml cultures of Synechocystis 6803 were grown to an OD 750 of 0.6-0.8 in the presence of 1.5 µ M Cu 2+ , centrifuged at 3,500 g for 15 min at room temperature and washed twice with Cu 2+ -free BG11 medium to induce P petJ -driven slr1129 expression. Cells were resuspended in 400 ml Cu 2+ -free BG11 and grown for several days. Cultures were diluted daily to OD 750 1.0 to ensure continuous growth.
Creation of knock-out mutants and transformation of Synechocystis 6803.
To analyse whether the CRISPR1 or CRISPR2 cas genes are involved in the maturation of CRISPR3-derived crRNA, the entire CRISPR1 and CRISPR2 loci were deleted separately from each other by integrating a kanamycin resistance cassette into the corresponding loci or together by inserting a streptomycin resistance cassette into the C2 locus in the Δ C1 strain. The resulting Synechocystis Δ C1, Δ C2 and
800 base pairs in size) were amplified via PCR to ensure site-directed integration via homologous recombination. The resistance cassette in vector pUC19 was placed in between the upstream and downstream flanking regions by Gibson assembly. Transformation of 10 ml Synechocystis 6803 aliquots was performed as described 38 . Transformants were tested for full segregation of the introduced knock-out via PCR screening.
Conditional RNase E knock-down. CRISPR interference was used to create a conditional RNase E knock-down mutant. Plasmids encoding a catalytically inactive Cas9 (dCas9) and a sgRNA were a gift from E. P. Hudson 54 . An appropriate sgRNA-targeting slr1129 was designed using CRISPy-web 55 following the protocol of Larson et al. 56 The selected sgRNA2 sequence targets the region + 7 to + 27 nucleotides downstream of the slr1129 start codon and was integrated into the sgRNA template vector via inverse PCR using Q5 polymerase and appropriate primers. Both dCas9 and sgRNA2 were expressed from the anhydrotetracyclineinducible promoter P L22 and integrated via homologous recombination into the psbA1 site with a spectinomycin resistance cassette and the slr2030-slr2031 site using a kanamycin resistance cassette, respectively. Transformants were screened for segregation and verified by sequencing. Liquid 400 ml cultures were grown to an OD 750 of 0.6-0.8, split into two parallel subcultures and either induced by feeding with 1 µ g ml -1 anhydrotetracycline dissolved in 100% ethanol every 24 h or mock-induced by the addition of an equal volume of 100% ethanol. The expression of dCas9 was verified by western blot.
Partial RNase E knock-down. A 3.5 kb fragment bearing slr1129 and slr1130 was amplified by PCR using primers RnaseEf and RNaseEr and subcloned into pJET2.1 vector (Thermo Fisher Scientific). An internal HindII fragment (nucleotides 126-1832 within slr1129) was replaced by the kanamycin resistance cassette of plasmid pUC4K and the resulting fragment used for transformation of Synechocystis 6803. Correct integration of the cassette by homologous recombination was analysed by sequencing, PCR and Southern blot.
RNA analysis and hybridization conditions. RNA extraction from 50 ml Synechocystis 6803 cultures was performed as described 38 , with the following variations. Centrifugation before RNA precipitation were performed in a swingout rotor (Beckman Coulter Allegra X-12, 3,500 rpm at room temperature). Cell pellets were resuspended in 1 ml PGTX and incubated for 15 min at 65 °C. RNA pellets were washed with 75% ethanol. Some 10 μ g of total RNA per lane were separated on polyacrylamide (PAA)-urea gels (10% PAA, 0.5 g ml -1 urea, 1 × Trisborate-EDTA buffer) and electroblotted onto Hybond N+ membranes (GE Healthcare). RNA was cross-linked to the membrane at 120 mJ cm -2 for 1.5 min. The RNA sizes were estimated using the RiboRuler Low Range RNA Ladder (Thermo Fisher Scientific). Membranes were prehybridized for 10-60 min at 62 °C with hybridization buffer (50% deionized formamide, 7% SDS, 250 mM NaCl and 120 mM NaPi buffer, pH 7.2) in glass tubes under continuous rotation. Transcript probes for northern hybridization were generated by in vitro transcription from PCR-amplified templates using the Ambion MAXIscript Kit with 50-fold-reduced UTP concentration and 50 µ Ci ) and incubated for an additional 15 min at 37 °C to remove the DNA templates. Reactions were stopped by the addition of 1 µ l 0.5 M EDTA (pH 8.0). Secondary structures were denatured at 80-90 °C for 5 min, kept on ice for 2 min and then added to the prehybridized membranes for hybridization at 62 °C overnight. Membranes were washed at 57 °C with washing solutions I (2× SSC and 1% SDS), II (1× SSC and 0.5% SDS) and III (0.1× SSC and 0.1% SDS) for 10 min each. The signals were detected with a storage phosphor screen (Kodak) and a GE Healthcare Typhoon FLA 9500 imaging system. Table 1) were 5′ -end-labelled using 50 µ Ci (γ 
Generation of radiolabelled synthetic DNA oligonucleotides. Synthetic deoxyoligonucleotides (Supplementary

NATuRE MICROBIOlOgy
(final concentrations) were added for complementary DNA synthesis in a 20 µ l reaction and incubated for 1 h at 50 °C. After heat inactivation for 15 min at 70 °C, the RNA templates were digested with 5 U RNase H (NEB) for 20 min at 37 °C. The samples were mixed with loading buffer and denatured for 5 min at 95 °C and then loaded onto 6% PAA-urea gels (0.5 g ml -1 urea and 1 × Tris-borate-EDTA buffer) in a sequencing apparatus. The reference sequence ladder was prepared using a DNA fragment amplified by Q5 DNA polymerase using CRISPR3-specific oligonucleotides (Supplementary Table 1 ) and subjected to sequencing reactions using the USB Thermo Sequenase Cycle Sequencing Kit (Affymetrix). The sequencing gel was run for approximately 2 h at 65 W and subsequently incubated for 20 min in 10% acetic acid and 5 min in MilliQ H 2 O before drying. Signals were detected by a storage phosphor screen (Kodak) on a GE Healthcare Typhoon FLA 9500 imager.
RNase E in vitro cleavage assays with synthetic RNA oligonucleotides. Synthetic RNA oligonucleotides were purchased polyacrylamide gel electrophoresis-purified from PURIMEX and 5′ -end phosphorylated yielding the preferred substrate for RNase E cleavage. In total, 50 µ M of RNA oligonucleotides were phosphorylated in the presence of 15 U T4 polynucleotide kinase (Thermo Fisher Scientific), 20 mM ATP (NEB) and 40 U RiboLock RNase Inhibitor in a 20 µ l volume. The reactions were incubated for 45 min at 30 °C followed by heat inactivation for 10 min at 80 °C. T4 polynucleotide kinase removal and buffer exchange were accomplished with the RNA Clean & Concentrator-5 Kit (Zymo Research), eluting the RNA into 20 µ l H 2 O. Cleavage reactions were performed in a 10 µ l reaction volume in RNase E cleavage buffer containing 25 mM Tris-HCl (pH 8.0), 60 mM KCl, 5 mM MgCl 2 , 100 mM NH 4 Cl and 0.1 mM dithiothreitol for 5 to 30 min at 30 °C and stopped by the addition of 2× RNA loading dye (95% formamide, 0.025% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF and 0.5 mM EDTA, pH 8.0). Reactions were denatured for 5 min at 95 °C before loading onto 15% PAA-urea gels in a sequencing apparatus. Gels were stained with SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific) at a 1:10,000 dilution with 0.5× Tris-borate-EDTA buffer. Signals were detected with a Laser Scanner Typhoon FLA 9500 (GE Healthcare) with the following settings: excitation, 473 nm; emission filter long pass blue ≥ 510 nm; photomultiplier value, 450 or 500.
Protein-RNA cross-linking and enrichment of cross-linked peptide-RNA heteroconjugates. Upon irradiation at 254 nm, a covalent bond forms between the amino acid side chains and nucleic acid bases when both components are in close spatial proximity. Protein-RNA cross-linking was performed using ultraviolet light irradiation at 254 nm followed by the enrichment of cross-linked peptide-RNA heteroconjugates as described 35, 36 . Briefly, approximately 1 nmol of the complex comprising recombinant RNase E and CRISPR3 repeat oligonucleotide was filled up to a volume of 100 µ l with a buffer containing 50 mM NaH 2 PO 4 , 300 mM NaCl and 250 mM imidazole (pH 8.0). The complex was incubated at 26 °C for 5 min and irradiated at 254 nm for 10 min as described 35 . The samples were ethanolprecipitated and the pellet was dissolved in 4 M urea and 50 mM Tris-HCl pH 7.9. The final urea concentration was then adjusted to 1 M with 50 mM Tris-HCl pH 7.9, and the RNA was hydrolysed using 1 µ g RNase A and T1 (Ambion/Applied Biosystems) for 2 h at 52 °C followed by digestion with benzonase at 37 °C for 1 h. The proteolysis was performed with trypsin (Promega) at 37 °C overnight. The sample was desalted to remove the non-cross-linked RNA fragments using an in-house prepared C18 (Dr. Maisch) column, and the cross-linked peptides were enriched on an in-house prepared TiO 2 (GL Sciences) column using existing protocols 35 . Modifications of the TiO 2 enrichment protocol included the use of 10 µ m TiO 2 beads and 5% glycerol (v/v) in Buffer B (80% v/v acetonitrile and 5% v/v trifluoroacetic acid) as Buffer A. Following the enrichment of the peptide-RNA cross-linked heteroconjugates, the samples were dried and resuspended in 5% v/v acetonitrile and 1% v/v formic acid for MS analysis.
Liquid chromatography and MS analysis. The sample was injected into a nanoliquid chromatography system (Dionex UltiMate 3000; Thermo Fisher Scientific) coupled with a Q-Exactive HF instrument (Thermo Fisher Scientific) 35 . Online electrospray ionization MS was performed in data-dependent mode using the Top 20 precursor ions from the High-energy Collisional Dissociation (HCD) method. All precursor ions, as well as fragment ions, were scanned in the Orbitrap and the resulting spectra were measured with high accuracy (< 5 ppm) in both the MS and tandem MS level. Data analysis was performed using a dedicated database search tool 36 .
Site-directed mutagenesis of RNase E. Deoxyoligonucleotides for the site-directed mutagenesis of RNase E were designed using the NEBaseChanger tool and the Q5 Site-Directed Mutagenesis Kit (both NEB). Briefly, PCRs were performed to obtain plasmids containing the desired mutations and treated with a mix of kinases, ligases and DpnI according to manufacturer's instructions. Some 5 μ l of the treated PCR mix were used for transformation of chemically competent TOP10 E. coli cells and selected on appropriate antibiotics. Sequences were verified by Sanger sequencing.
Western blot analysis. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10% PAA gels and transferred to nitrocellulose membranes (Hybond ECL, GE Healthcare) by electroblotting (PEQLAB) for 1 h at 1.5 mA per 1 cm 2 . Membranes were blocked for 1 h at room temperature or overnight at 4 °C. His-tagged recombinant RNase E was detected with the Penta·His HRP Conjugate Kit (Qiagen). For the detection of dCas9, the membrane was blocked with Tris-buffered saline (TBS) supplemented with Tween 20 (TBS-T, 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20) containing 5% milk powder. A monoclonal anti-Cas9 antibody (Epigentek/BioCat) diluted in Tris-buffered saline supplemented with Tween 20 (TBS-T) and 0.5% milk powder was applied overnight at 4 °C, followed by a secondary anti-mouse horseradish peroxidase antibody. Membranes were sprayed with the WesternBright ECL Spray (Advansta) and signals were detected using FUSION-CAP (Vilber Lourmat) and Quantity One software (Bio-Rad).
Life Sciences Reporting Summary. Further information on experimental design is available in the Life Sciences Reporting Summary.
Data availability. The data that support the findings of this paper are contained within the Supplementary Information. 
Data exclusions
Describe any data exclusions.
No data have been excluded from the analyses.
Replication
Describe whether the experimental findings were reliably reproduced.
All attempts at replication were successful.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Randomization was not applicable because no animals and/or human research participants were involved. Biochemical and genetic experiments were performed in replicates to verify successful replication.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Blinding was not applicable because of absence of animals and/or human research participants. All experiments were performed without bias and/or expectations.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
